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Introduction {#sec001}
============

Vascular endothelium is composed of a single layer of endothelial cells (ECs) lining the inner wall of the entire vasculature. ECs are active producers of vasoprotective molecules to defend against thrombosis, vasoconstriction and endothelial apoptosis. They are situated in a strategically important location, where they are in close contact with circulating blood, its constituents and various invading agents. They possess tight intercellular junctions that act as a barrier to restrict the passage of blood cells, solutes and other substances into the vascular wall and the underlying tissues \[[@pone.0152166.ref001]\]. The barrier function is maintained by a number of junction protein complexes among which adherens junction is the major determinant \[[@pone.0152166.ref002]\]. The adherens junction complex comprises vascular endothelial (VE)-cadherin, catenins and plakoglobin. VE-cadherin is the anchor protein with a typical extracellular cadherin domain that mediates tight junction formation via homophilic interactions \[[@pone.0152166.ref003]\]. The cytoplasmic domain of VE-cadherin binds p120, β-catenin and plakoglobin, which in turn bind α-catenin. α-Catenin interacts with the actin cytoskeleton, linking the adherens junction complex with the cytoskeleton system \[[@pone.0152166.ref002],[@pone.0152166.ref003]\]. The disruption of endothelial barrier function is required for inflammatory responses. Endothelial barrier function is disrupted by diverse pro-inflammatory factors, notably vascular endothelial growth factor (VEGF), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and lipopolysaccharide (LPS), resulting in increased endothelial permeability \[[@pone.0152166.ref002],[@pone.0152166.ref004]\]. VEGF was reported to disrupt the adherens junction by inducing VE-cadherin internalization and degradation \[[@pone.0152166.ref005]\] or causing dissociation of the intracellular domain of VE-cadherin from catenins through tyrosine phosphorylation \[[@pone.0152166.ref006],[@pone.0152166.ref007]\]. TNF-α and LPS were reported to disrupt the barrier function by reducing surface expression of VE-cadherin \[[@pone.0152166.ref008],[@pone.0152166.ref009]\].

Disruption of barrier function by pro-inflammatory mediators results in vascular inflammation and damage leading to vascular diseases such as atherosclerosis, vascular remodeling and restenosis \[[@pone.0152166.ref010],[@pone.0152166.ref011]\]. Protection of endothelial barrier function and defense against inflammation are critical in maintaining normal vascular integrity and prevention of chronic vascular diseases. We previously reported the detection of soluble factors ("cytoguardin") which inhibit cyclooxygenase-2 (COX-2) expression by blocking NF-κB and p300 HAT activation induced by pro-inflammatory mediators \[[@pone.0152166.ref012],[@pone.0152166.ref013]\]. Chemical identity of cytoguardin was resolved by comparative metabolomics. It is a metabolite of L-tryptophan, i.e. 5-methoxytryptophan (5-MTP) which is synthesized via a novel metabolic pathway \[[@pone.0152166.ref014]\]. Two enzymatic steps for its biosynthesis in fibroblasts have been identified: 1. tryptophan hydroxylase (TPH) which catalyzes conversion of L-tryptophan to 5-hydroxytryptophan (5-HTP); and 2. hydroxyindole O-methoxytransferase which converts 5-HTP to 5-MTP \[[@pone.0152166.ref014]\]. This pathway shares with melatonin biosynthesis at several enzymatic steps but has a major difference: melatonin biosynthesis requires decarboxylation of 5-HTP whereas cytoguardin (5-MTP) synthesis does not. This results in a distinct structural feature of 5-MTP in that it retains the propionic acid side chain, while melatonin and its major catabolite, 5-methoxytryptamine do not. 5-methoxy and 8-propionic acid side chains of 5-MTP were considered to be crucial for its potent actions against COX-2 expression and NF-κB activation when compared to melatonin and its catabolites \[[@pone.0152166.ref015],[@pone.0152166.ref016]\]. Since vascular endothelium faces inflammatory challenges from LPS, cytokines and growth factors in the circulating blood and serves as the first line of defense, we postulated that ECs produce 5-MTP to protect endothelial barrier function and defend against vascular inflammation.

Materials and Methods {#sec002}
=====================

Materials {#sec003}
---------

LPS was purchased from Sigma-Aldrich. Recombinant human VEGF, IL-1β and TNF-α were purchased from Cell Signaling Technology. Rabbit monoclonal antibodies against VE-cadherin, phospho-p38 (Thr180/Tyr182), p38, phospho-Src, Src, phospho-ERK1/2, ERK1/2, ICAM-1 and VCAM-1 were purchased from Cell Signaling Technology. Inhibitor of p38, SB202190, was purchased from Cell Signaling Technology. Rabbit polyclonal antibodies against 5-MTP was purchased from Abcam. Horseradish peroxidase-conjugated anti-mouse and anti-rabbit IgG were purchased from Santa Cruz.

Preparation of 5-MTP {#sec004}
--------------------

Two different sources of 5-MTP have been used in this study. DL-5-MTP, a mixture of L-form and D-form 5-MTP, was purchased from Sigma-Aldrich, and L-5-MTP was custom-synthesized by AstaTech (AstaTech Inc, Bristol, PA). Purity of L-5-MTP and DL-5-MTP was verified by LC-MS. For in vitro experiments, a DL-5-MTP stock solution (50 mmol/L) was prepared in dimethylsulfoxide and stored at -20°C. For in vivo permeability assay, L-5-MTP was freshly dissolved in saline (0.5 ml, pH adjusted to 7.4).

Cells {#sec005}
-----

Primary HUVECs were purchased from Bioresource Collection and Research Center (Hsinchu, Taiwan) and maintained in HUVEC growth medium (EBM-2, Lonza) with full supplements (2% fetal bovine serum, 0.4% human fibroblast growth factor-2, 0.1% vascular endothelial growth factor, 0.1% R^3^-insulin-like growth factor-1, 0.1% human epidermal growth factor, 0.04% hydrocortisone, 0.1% ascorbic acid, 0.1% GA-1000). Only passages 3 to 6 cells were used. Cells were treated with DL-5-MTP, conditioned medium or chemical inhibitors for 30 minutes before addition of inflammatory cytokines. At the indicated time point, cells were lysed with ice-cold lysis buffer (20 mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1% CHAPS, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L β-glycerophosphate, 1 mmol/L Na3VO~4~) and protease inhibitors (1 tablet in 10mL lysis buffer, Roche) immediately.

Preparation of HUVEC conditioned medium (CM) {#sec006}
--------------------------------------------

HUVECs were grown to 80% confluence and the medium was removed and replaced with fresh medium. Cells were incubated for another 24 hours and the CM was collected. The collected CM was centrifuged at 1,000g for 5 minutes; the supernatant was collected and stored at 4°C for no more than 1 week. For rescuing experiments, cells in 6-well plates were pretreated with 1ml CM for 30 minutes before addition of inflammatory cytokines. For measurement of 5-MTP in CM, HUVECs were seeded in 6-well plates to 80% confluence and the medium was replaced with 1ml fresh medium and incubated with or without pro-inflammatory cytokines for 24 hours. CM was then collected and stored at -20°C.

Immunoblotting {#sec007}
--------------

Cells were scraped and lysed in lysis buffer on ice for 5 minutes. Lysates were then centrifuged at 12,000g for 5 minutes to remove cell debris. Supernatants containing 25μg of protein were mixed with Laemmli sample buffer (Bio-Rad) and boiled for 5min before being subjected to electrophoresis in 4--15% sodium dodecyl sulfate-polyacrylamide gels and then transferred to polyvinylidene difluoride membranes (Millipore). For detection, membranes were blocked with 5% bovine serum albumin in 25 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, and 0.05% Tween 20 for 1 hour at 22°C and then incubated with 1:1000 diluted primary antibodies overnight at 4°C. Membranes were incubated with 1:3000 diluted horseradish peroxidase-linked secondary antibodies for 1 hour at 22°C and then developed with enhanced chemiluminescence substrate (Thermo Scientific). The blot was exposed with a luminescent image analyzer (ImageQuant LAS 4000, GE Healthcare) and quantified by ImageJ software (National Institute of Health).

Analysis of 5-MTP and related metabolites by liquid chromatography-mass spectrometry {#sec008}
------------------------------------------------------------------------------------

The metabolites were analyzed using an ultraperformance liquid chromatography (Acquity UPLC system, Waters Corporation) coupled with a Xevo-ToF mass spectrometer (Waters) according to a method previously described.^14^ CM passed through a 3kD membrane, the filtrate was collected and applied to UPLC-MS.

In vitro endothelial permeability assay {#sec009}
---------------------------------------

The in vitro permeability assay was performed with the In Vitro Vascular Permeability Assay Kit (Millipore). In brief, HUVECs at 100% confluence were harvested and resuspended with growth medium. Cells were seeded into the insert plate (1 x 10^5^ cells/ well) and then incubated for 72 hours to form a monolayer. The HUVEC monolayers were then treated with inflammatory cytokines at indicated concentrations for 24 hours. After treatment, FITC-Dextran (\~70kDa) solution was added onto the monolayers for 20 minutes. Medium containing FITC-Dextran that crossed the monolayer in the receiver tray was analyzed by a fluorescence plate reader (Synergy H1 Hybrid Reader, BioTek) with 485 nm excitation and 535 nm emission filters.

Pulmonary microvascular permeability assays in mice {#sec010}
---------------------------------------------------

The Institutional Animal Care and Use Committee of National Health Research Institutes (NHRI), Taiwan approved all experimental procedures. The experimental animal center at NHRI was accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC). The basic animal maintenance conditions including lighting, light cycles, feeding and housing cleaning are in keeping with the rules of AAALAC. To determine microvascular leakage, we used Evans blue assay and analysis of cell counts and protein levels in bronchoalveolar lavage fluid (BALF). Approximately 12-week-old male C57BL/6 wild-type (National Laboratory Animal Center, Taiwan) mice were used. Evans blue dye (20mg/kg) was injected into the tail vein of mice which had been treated with or without LPS (60mg/kg) for 24 hours in the presence or absence of L-5-MTP (23.4mg/kg). Lungs were perfused, removed and Evans blue was extracted with 1ml of formamide overnight at 55°C. Evans blue was measured by spectrometry at 620 nm. To analyze cell and proteins in BALF, mice were sacrificed at 24 hours and tracheotomy was performed. The lung tissues were lavaged with 1mL PBS for 3 times and the BALF was collected. The recovered BALF was filtered through a layer of sterile gauze, centrifuged (1000 g, 4°C, 5 minutes), and resuspended. Total cell number in BALF was counted using a standard hemocytometer. Protein concentration of BALF was measured by using the method of Bradford. Albumin concentration in BALF was determined using a mouse albumin ELISA kit (Bethyl Laboratories).

Measurement of 5-MTP with enzyme-immunoassay {#sec011}
--------------------------------------------

A mixture of DL-5-MTP (Sigma) standards or samples and DL-5-MTP conjugated with HRP were added to 96-well microtiter plates precoated with 5-MTP antibodies and incubated at 4°C overnight. After washing, tetramethylbenzidine was added and incubated at room temperature for 30 minutes. Reaction was stopped with 0.1 mmol/L H~2~SO~4~ and the product was analyzed at 450 nm. The calibration curve which was constructed for each experiment was established by using pure DL-5-MTP at concentrations from 0.1\~50 μmol/L.

MTT Assay {#sec012}
---------

HUVECs were seeded on 96-well plates (1 x 10^5^ cells/ well), incubated for 24 hours and treated with inflammatory cytokines at indicated concentration for another 24 hours. After treatment, cells were incubated with 100μL fresh growth medium plus 10μL 12 mol/L MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) stock solution for 4 hours. After incubation, remove 85μL medium and then add 50μL dimethylsulfoxide for 10 minutes at 37°C. The amount of insoluble formazan converted from MTT by cells was then determined by the absorbance at 540 nm with a plate reader (Synergy H1 Hybrid Reader, BioTek).

Reverse transcription-polymerase chain reaction (RT-PCR) {#sec013}
--------------------------------------------------------

HUVECs were seeded on 6-well plates (1 x 10^5^ cells/ well) and incubated for 48 hours. Cells were then treated with inflammatory cytokines at indicated concentration for another 24 hours. To isolate RNA, cells were lysed with 1mL Trizol/ well for 5 minutes. RNA was purified from lysates with Direct-zol RNA MiniPrep kit (Zymo research). First-strand cDNA was synthesized by incubating 1μg RNA and SuperScript III First-Strand Synthesis SuperMix (Invitrogen) for 30 minutes at 50°C. TPH-1 and TPH-2 DNA were amplified by mixing 1μL cDNA, 1μL 10 μmol/L primer each and 47μL HotStar PCR SuperMix (GeneDirex) for 35 cycles (94°C for 20 seconds, 57°C for 20 seconds, 72°C for 45 seconds) with a MultiGene Thermal Cycler system (Labnet International). The primer sequences for TPH-1 are: forward `CGT CCT GTG GCT GGT TAC TTA` and reverse `AGT AGC ACG TTG CCA GTT TTT G`. The primer sequences for TPH-2 are: forward `TTG GAG AAT TAA AGC ACG CCC` and reverse `ACA ATG AGT GGT TAT CTG CCA T`.

Statistical Analysis {#sec014}
--------------------

Values were expressed as mean ± SD. Differences between groups were analyzed using One Way ANOVA with SigmaStat software (Systat Software, Inc.). *P* \< .05 was considered statistically significant.

Results {#sec015}
=======

5-MTP Protects HUVEC VE-cadherin and Barrier Function {#sec016}
-----------------------------------------------------

To determine whether inflammatory cytokines reduce total VE-cadherin expression, we first analyzed VE-cadherin expressions in HUVECs treated with IL-1β. IL-1β suppressed VE-cadherin expression in a time dependent manner up to 24 hours ([Fig 1A](#pone.0152166.g001){ref-type="fig"}). Furthermore, the extent of VE-cadherin suppression by VEGF, TNF-α and LPS was similar to that by IL-1β at 24 hours ([Fig 1B](#pone.0152166.g001){ref-type="fig"}). Since we have identified 5-MTP as an anti-inflammatory factor, we evaluated the effect of 5-MTP on cytokines-induced suppression of VE-cadherin. As shown in [Fig 1C](#pone.0152166.g001){ref-type="fig"}, pretreatment with 5-MTP for 30 minutes prevented IL-1β-induced VE-cadherin downregulation in a concentration-dependent manner with a significant effect at 50 and 100 μmol/L. 5-MTP inhibited TNF-α-induced VE-cadherin reduction in a similar concentration-dependent manner ([Fig 1D](#pone.0152166.g001){ref-type="fig"}). 5-MTP at 100 μmol/L also significantly prevented VEGF- and LPS-induced VE-cadherin suppression to an extent comparable to cytokine-induced suppression ([Fig 1E and 1F](#pone.0152166.g001){ref-type="fig"}).

![5-MTP protects VE-cadherin.\
(A) IL-1β Suppressed VE-cadherin Expression in a Time-dependent Manner. (B) VE-cadherin expression was suppressed by VEGF and pro-inflammatory cytokines at 24 hours. (C) and (D) 5-MTP inhibited IL-1β- (C) or TNF-α-induced (D) downregulation of VE-cadherin in a concentration-dependent manner. (E) and (F) 5-MTP protected VE-cadherin from VEGF and pro-inflammatory cytokines. Upper panels show representative Western blots and lower panels the densitometry. \* indicates *P* \< .05 compared to control and \# indicates *P* \< .05 compared to IL-1β or TNF-α group.](pone.0152166.g001){#pone.0152166.g001}

As VE-cadherin degradation is accompanied by increased endothelial permeability, we wondered if 5-MTP protects endothelial barrier function through preserving VE-cadherin. We performed in vitro endothelial permeability experiments and the results showed that VEGF, cytokines or LPS disrupted barrier function and increased endothelial permeability while pretreatment with 5-MTP significantly reduced permeability induced by each of the factors ([Fig 2A](#pone.0152166.g002){ref-type="fig"}). We next examined the effect of 5-MTP on permeability in vivo with a murine pulmonary microvascular permeability assay. LPS treatment increased vascular permeability which was blocked by 5-MTP administration ([Fig 2B](#pone.0152166.g002){ref-type="fig"}). To further test the effect of 5-MTP on permeability in vivo, we performed bronchoalveolar lavage in mice and measured total proteins, albumin, and cell counts in BALF. 5-MTP significantly reduced BALF total proteins, albumin and cell counts in mice treated with LPS ([Fig 2C](#pone.0152166.g002){ref-type="fig"}). These results indicate that 5-MTP protects barrier function by preserving VE-cadherin.

![5-MTP protects barrier function in vitro and in vivo.\
(A) Analysis of 5-MTP (100 μmol/L) effect on endothelial permeability by an in vitro permeability assay with FITC-labeled dextran. Each bar denotes mean ±SD of three independent experiments. \* indicates *P* \< .05. (B) Mice were injected with L-5-MTP (23.4 mg/kg) for 30 minutes prior to challenge with LPS (60 mg/kg) for 24 hours. Evans blue dye was used to analyze pulmonary microvascular permeability as described in Methods. The error bars denote mean ± SD (n = 8 mice/group). \* indicates *P* \< .05 compared to control and \# indicates *P* \< .05 compared to LPS group. (C) Mice were injected with L-5-MTP (23.4 mg/kg) for 30 minutes prior to challenge with LPS (60 mg/kg) for 24 hours. BALF was collected by lavage. Total number of leukocytes was determined by cell counting. Total protein and albumin were analyzed. The error bars denote mean ± SD (n = 5 mice/group). \* indicates *P* \< .05 compared to control and \# indicates *P* \< .05 compared to LPS group.](pone.0152166.g002){#pone.0152166.g002}

Endothelial Cells Release 5-MTP into Conditioned Medium {#sec017}
-------------------------------------------------------

To determine whether endothelial cells produce 5-MTP, we analyzed 5-MTP and related tryptophan metabolites in the conditioned medium (CM) of HUVECs by UPLC-QTof mass spectrometry. HUVEC-CM was passed through a 3 kDa filter and the filtrate was collected for metabolomic analysis using synthetic pure 5-MTP as a standard. The mass spectra of HUVEC-CM exhibited a prominent m/z 235.1 peak matching the m/z 235.1 peak of pure 5-MTP while the spectra of control medium did not have detectable m/z 235.1 ([Fig 3A](#pone.0152166.g003){ref-type="fig"}). There are no detectable m/z peaks which match other tryptophan metabolites such as serotonin (m/z 177.2), melatonin (m/z 233.3) or 5-methoxytryptamine (m/z 191.2), a key catabolite of melatonin ([Fig 3B](#pone.0152166.g003){ref-type="fig"}). To confirm that m/z 235.1 peak is 5-MTP, we analyzed its daughter profile by LC-MS-MS and compared with that of pure 5-MTP. The daughter profile of m/z 235.1 peak of HUVEC-CM was identical to that of pure 5-MTP ([Fig 3C](#pone.0152166.g003){ref-type="fig"}). To confirm 5-MTP in HUVEC-CM, we measured 5-MTP by ELISA. As shown in [Fig 3D](#pone.0152166.g003){ref-type="fig"}, HUVEC-CM contains \> 20 folds 5-MTP over the control medium (2.07 ± 0.32 vs. 0.08 ± 0.06 μmol/L). These results indicate that HUVECs release a considerable amount of 5-MTP into CM without concurrent release of melatonin, serotonin or their catabolites.

![Endothelial cells release 5-MTP.\
(A) Comparison of single mass spectra of HUVEC-CM vs. control medium and pure 5-MTP by UPLC-QTof MS. (B) Comparison of the chemical structure of 5-MTP with that of major 5-HTP metabolites. The dashed circles depict the active groups of 5-MTP. Melatonin (N-acetyl 5-methoxytryptamine) possesses 5-methoxy but not the carboxyl group due to decarboxylation. It has weak anti-COX2 action. 5-methoxytryptamine, a major catabolic product of melatonin, is inactive. Serotonin (5-hydroxytryptamine) is also inactive. (C) Analysis of daughters of the m/z 235.1 peak in HUVEC-CM vs. that of pure 5-MTP by LC-MS-MS. (D) Measurement of 5-MTP in HUVEC-CM by ELISA. "cont" denotes control medium. \* indicates *P* \< .05.](pone.0152166.g003){#pone.0152166.g003}

HUVEC-CM Prevents VE-cadherin Reduction and Endothelial Hyperpermeability Induced by Pro-inflammatory Mediators {#sec018}
---------------------------------------------------------------------------------------------------------------

In view of the protective effect of 5-MTP on barrier function and the presence of 5-MTP in HUVEC-CM, we determined whether HUVEC-CM protects barrier function despite the presence of IL-1β, TNF-α, LPS or VEGF ([Fig 4A and 4B](#pone.0152166.g004){ref-type="fig"}). Corresponding to VE-cadherin preservation, incubation with HUVEC-CM prevented endothelial hyperpermeability induced by each of the pro-inflammatory mediators ([Fig 4C](#pone.0152166.g004){ref-type="fig"}). It is surprising that HUVEC-CM which contains \~2 μmol/L 5-MTP protects VE-cadherin as effectively as 50 μmol/L of synthetic 5-MTP. The reasons for this discrepancy are unclear but may be attributed to the presence of additional soluble factors in HUVEC-CM which are capable of protecting barrier function. Alternatively, 5-MTP in the HUVEC-CM may be in a conjugated form which is more active than synthetic 5-MTP.

![HUVEC-CM prevents VE-cadherin reduction and endothelial hyperpermeability induced by pro-inflammatory mediators.\
(A) and (B) HUVEC-CM protected VE-cadherin from VEGF and pro-inflammatory cytokines. The upper panel shows a representative Western blot and the lower panel the densitometry. \* indicates *P* \< .05. (C) Analysis of HUVEC-CM effect on endothelial permeability by an in vitro permeability assay with FITC-labeled dextran. Each bar denotes mean ±SD of three independent experiments. \* indicates *P* \< .05.](pone.0152166.g004){#pone.0152166.g004}

5-MTP Protects Endothelial Barrier Function and VE-cadherin by Blocking p38 MAPK Activation {#sec019}
-------------------------------------------------------------------------------------------

Although it is well recognized that VEGF disrupts endothelial barrier primarily via Src family kinases (SFK), recent reports indicate that TNF-α, reactive oxygen species, infectious agents and environmental toxins increase endothelial permeability via p38 MAPK signaling pathway \[[@pone.0152166.ref017]--[@pone.0152166.ref021]\]. We thus examined whether 5-MTP regulates kinase activation. Consistent with previous reports, IL-1β, TNF-α, VEGF and LPS induced phosphorylation of p38 MAPKs ([Fig 5A and 5B](#pone.0152166.g005){ref-type="fig"}). 5-MTP at 100 μmol/L significantly inhibited p38 MAPK activation induced by IL-1β, TNF-α as well as VEGF and LPS ([Fig 5A and 5B](#pone.0152166.g005){ref-type="fig"}). None of the factors except VEGF activate Src or ERK½ kinase and 5-MTP had no inhibitory effect on VEGF-induced Src or ERK½ activation ([Fig 5B](#pone.0152166.g005){ref-type="fig"}). To confirm that the activation of p38 MAPK is required for mediating endothelial barrier disruption, we evaluated the effect of a pharmacological inhibitor of p38 MAPK, SB202190. SB202190 blocked endothelial hyperpermeability induced by IL-1β, TNF-α, LPS as well as VEGF ([Fig 6A](#pone.0152166.g006){ref-type="fig"}). SB202190 pretreatment also preserved VE-cadherin levels in HUVECs treated with pro-inflammatory mediators ([Fig 6B and 6C](#pone.0152166.g006){ref-type="fig"}). These results suggest that activation of p38 is required for downregulation of VE-cadherin and 5-MTP protects endothelial barrier function by preserving VE-cadherin via blocking p38 MAPK activation.

![5-MTP blocks p38 MAPK activation.\
(A) and (B) Activation of p38, Src and ERK½ was determined in HUVECs treated with VEGF or pro-inflammatory cytokines. Upper panels show representative blots and lower panels show the densitometry of p-p38 MAPK. Error bars denote mean ± SD (n = 3). \* indicates *P* \< .05.](pone.0152166.g005){#pone.0152166.g005}

![SB202190 protects HUVEC barrier function.\
(A) Pretreatment with SB202190 (10 μmol/L), a p38 inhibitor, attenuated VEGF- or pro-inflammatory cytokines-induced HUVECs permeability. Error bars denote mean ± SD (n = 3). \* indicates *P* \< .05 compared to control. (B) and (C) SB202190 protected VE-cadherin from VEGF and pro-inflammatory cytokines. Upper panels show representative blots and the lower panel, densitometry. Error bars denote mean ± SD (n = 3). \* indicates *P* \< .05.](pone.0152166.g006){#pone.0152166.g006}

5-MTP Suppresses Pro-inflammatory Cytokines-induced ICAM-1/VCAM-1 expression in HUVECs {#sec020}
--------------------------------------------------------------------------------------

As cytokine-induced endothelial hyper-permeability contributes to expression of endothelial inflammatory molecules such as ICAM-1 and VCAM-1 which facilitate leukocyte adhesion and transmigration \[[@pone.0152166.ref022]\], we determined whether 5-MTP exerts an effect on the expression of these adhesion molecules. IL-1β- and TNFα- induced ICAM-1 or VCAM-1 expression was blunted by pretreatment with 5-MTP ([Fig 7](#pone.0152166.g007){ref-type="fig"}). These results suggest that 5-MTP controls not only the endothelial barrier function but also its inflammatory property.

![5-MTP suppresses pro-inflammatory cytokines-induced ICAM-1 and VCAM-1 expression.\
Analysis of ICAM-1 and VCAM-1 expression in HUVECs treated with IL-1β or TNF-α for 24 hours. Pretreatment with 5-MTP (100 μmol/L) attenuated pro-inflammatory cytokines-induced ICAM-1 and VCAM-1 expression. The upper panel shows representative blots and the lower panels, densitometry. Error bars denote mean ± SD (n = 3). \* indicates *P* \< .05 compared to control and \# indicates *P* \< .05 compared to cytokine alone group.](pone.0152166.g007){#pone.0152166.g007}

Pro-inflammatory Cytokines Suppress 5-MTP Production in HUVECs {#sec021}
--------------------------------------------------------------

Since addition of 5-MTP rescued endothelial barrier function damaged by pro-inflammatory mediators, we wondered whether 5-MTP production is influenced by them. To determine this, we measured 5-MTP in the CM of HUVECs treated with VEGF, IL-1β, TNF-α or LPS. 5-MTP concentration in HUVEC-CM was reduced by each of the factors ([Fig 8A](#pone.0152166.g008){ref-type="fig"}). Reduction of 5-MTP is not due to cell death as neither VEGF, LPS, IL-1β nor TNF-α influenced HUVEC viability ([Fig 8B](#pone.0152166.g008){ref-type="fig"}). Tryptophan hydroxylase (TPH) is a pivotal enzyme in 5-MTP production. To determine whether downregulation of 5-MTP production by proinflammatory mediators is due to suppression of TPH, we analyzed TPH-1 and TPH-2 expressions in HUVECs by RT-PCR. HUVECs expressed TPH-1 but not TPH-2, while positive control retinoblastoma Y79 cells expressed both isoforms ([Fig 8C](#pone.0152166.g008){ref-type="fig"}). Interestingly, pro-inflammatory factors suppressed TPH-1 expression while VEGF had no effect ([Fig 8C](#pone.0152166.g008){ref-type="fig"}). These results suggest that pro-inflammatory factors downregulate 5-MTP production by suppressing TPH-1 expression.

![Pro-inflammatory cytokines downregulate 5-MTP production.\
(A) Measurement of 5-MTP in HUVEC-CM by ELISA. HUVECs were treated with VEGF or pro-inflammatory cytokines for 24 hours. H~2~O denotes deionized water, Medium, control medium and cont, vehicle control. \* indicates *P* \< .05 compared to control. (B) Cell vitality is not affected by vascular permeability factors. Cell survival was analyzed by MTT assay. (C) Analysis of TPH-1 and TPH-2 transcripts in HUVECs treated with VEGF or pro-inflammatory cytokines for 24 hours. TPH-1 and TPH-2 transcripts were measured by RT-PCR. Upper panel shows a representative gel and the lower panel, densitometry of three experiments. Y79 retinoblast cells were included as reference. Cont indicates vehicle control. Error bars denote mean ± SD of three experiments. \* indicates *P* \< .05 compared to control.](pone.0152166.g008){#pone.0152166.g008}

Discussion {#sec022}
==========

The vascular endothelium defends against environmental insults by producing vasoprotective molecules, such as nitric oxide and prostacyclin that act in concert to maintain vascular tone, prevent platelet thrombosis and protect against endothelial apoptosis induced by pro-inflammatory mediators \[[@pone.0152166.ref023],[@pone.0152166.ref024]\]. In this study, we demonstrated that a tryptophan metabolite, 5-MTP, is a novel endothelium-derived vasoprotective molecule. 5-MTP prevents endothelial hyperpermeability induced by VEGF, LPS, IL-1β and TNF-α through protection of VE-cadherin integrity via inhibition of p38 MAPK activation.

5-MTP was previously reported to be released by proliferative human fibroblasts but not quiescent fibroblasts or tumor cells \[[@pone.0152166.ref013],[@pone.0152166.ref014]\]. Here we show that endothelial cell is another cell type that produces 5-MTP. Synthesis of 5-MTP requires TPH-catalyzed hydroxylation of L-tryptophan, which is well known as the rate-limiting step in biosynthesis of serotonin and melatonin \[[@pone.0152166.ref014],[@pone.0152166.ref025]\]. Two isoforms of TPH, TPH-1 and TPH-2, have been identified \[[@pone.0152166.ref026]\]. We show in this study that endothelial cells express TPH-1 but not TPH-2, consistent with a previous report that TPH-1 is expressed in peripheral arteries while TPH-2 is selectively expressed in neural and pineal cells \[[@pone.0152166.ref027],[@pone.0152166.ref028]\]. There is limited information about the regulation of TPH protein level probably because the TPH protein is unstable \[[@pone.0152166.ref029]\]. It was reported that TPH-1 mRNA is downregulated by hypoxia \[[@pone.0152166.ref030]\]. Our reports provide novel information about TPH-1 downregulation by pro-inflammatory mediators in endothelial cells which is accompanied by a large reduction of 5-MTP levels. Suppression of 5-MTP production via downregulation of TPH-1 expression by pro-inflammatory mediators accounts for endothelial hyperpermeability that occurs during inflammatory challenges. These findings suggest that TPH-1/5-MTP pathway plays a critical role in defending against vascular dysfunction and inflammation.

Adherens junction composed by homotypic adhesion of VE-cadherin plays prominent role in endothelial barrier function \[[@pone.0152166.ref031]\]. Disruption of adherens junction leads to endothelial hyperpermeability \[[@pone.0152166.ref032],[@pone.0152166.ref033]\]. Surface expression of VE-cadherin has been shown to be downregulated by various pro-inflammatory mediators such as VEGF, TNF-α and LPS \[[@pone.0152166.ref005],[@pone.0152166.ref008],[@pone.0152166.ref009]\]. Expression of total VE-cadherin in HUVECs has also been shown to be downregulated by IL-1β via a Rac-dependent mechanism \[[@pone.0152166.ref034]\]. Here we show p38 MAPK is required for various pro-inflammatory factors to downregulate the expression of VE-cadherin. p38 MAPK is recognized as a key signaling pathway via which diverse pro-inflammatory mediators, environmental toxins, and oxidants disrupt the barrier function and increase vascular permeability \[[@pone.0152166.ref018]--[@pone.0152166.ref020],[@pone.0152166.ref035]\]. We show that 5-MTP does not affect basal phosphorylation levels of p38 MAPK; however, in response to inflammatory mediator stimulations, 5-MTP significantly reduces p38 MAPK phosphorylation. It is unclear how 5-MTP blocks p38 MAPK activation. It has been reported that p38 MAPK is endogenously controlled by phosphatases including MAPK phosphatase-1 (MKP-1) and protein phosphatase-2C, WIP-1 \[[@pone.0152166.ref036],[@pone.0152166.ref037]\]. Induction of MKP-1 expression was reported to block TNF-α induced vascular hyperpermeability through inhibition of p38 MAPK activation \[[@pone.0152166.ref036],[@pone.0152166.ref038]\]. The possibility that 5-MTP protects endothelial barrier function by inducing MKP-1 expression remains to be determined. Although Src family kinases are intimately involved in signaling VE-cadherin dysfunction and increased vascular permeability induced by VEGF \[[@pone.0152166.ref039]\], recent reports show that Src-induced VE-cadherin phosphorylation is not sufficient for disrupting endothelial barrier function \[[@pone.0152166.ref040]\]. Our finding of p38 MAPK as a key pathway employed not only by cytokines and LPS but also by VEGF to downregulate VE-cadherin expression is in keeping with this notion. It is unclear how p38 MAPK activation induced by diverse pro-inflammatory mediators leads to reduced expression of VE-cadherin. VE-cadherin expression is regulated at the transcriptional level by Wnt \[[@pone.0152166.ref041]\] and post-translationally by internalization and degradation, which depends on Src signaling pathway \[[@pone.0152166.ref005]\]. p38 MAPK activation has not been linked to suppression of VE-cadherin transcription or internalization. However, it was reported that p38 MAPK regulates opioid receptor endocytosis \[[@pone.0152166.ref042]\]. Further studies will be needed to elucidate the mechanism by which p38 MAPK activation alters VE-cadherin expression.

5-MTP and melatonin share common structural features and biological activities. Structurally, 5-MTP and melatonin share a common 5-methoxy moiety at the indole backbone and functionally, they inhibit COX-2 expression induced by pro-inflammatory mediators through blocking p300 HAT and NF-κB activation although a higher concentration is required for melatonin to exert this action \[[@pone.0152166.ref016]\]. A recent report suggests that melatonin inhibits IL-1β induced endothelial hyperpermeability \[[@pone.0152166.ref033]\]. These findings suggest that 5-MTP and melatonin may act via similar receptor and signaling pathways. We have entertained the possibility that 5-MTP acts via interactions with plasma membrane receptors. Work is in progress to ascertain the expression of 5-MTP receptors on cell surface and determine whether melatonin competes with 5-MTP on receptor binding.

In summary, we have identified 5-MTP as a novel metabolite of L-tryptophan produced by endothelial cells. 5-MTP plays an important role in protecting VE-cadherin and thereby defending against endothelial barrier disruption by pro-inflammatory mediators through inhibiting p38 MAPK activation. 5-MTP is considered as a new class of endothelium-derived molecules which protects endothelial barrier function and defends against vascular leakage and inflammation.
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